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Resumen
Este documento presenta el desarrollo experimental usando un radar M-Sequence, la respuesta del
Radar Cross-Section (RCS) para Artefactos de Explosión Improvisada (AEI) usados en Colombia.
La construcción y manipulación de estos artefactos se realizó bajo la supervisión del Ejercito Na-
cional. Estos artefactos están construidos en su mayorı́a con botellas de vidrio, envases plásticos,
contenedores vacı́os o tuberı́as de PVC. Adicionalmente se le agregan cables, baterı́as, cinta, det-
onador y algún método de activación (jeringas, ganchos de ropa, pulsadores, etc).
Para determinar las caracterı́sticas de discriminación las muestras se dividieron en tres diferentes
grupos. El primer grupo llamado clutter, está conformado por contenedores vacı́os. El segundo
grupo llamado AEI con aire en su interior, el contenedor vacı́o del primer grupo, pero con algunas
modificaciones, se agregaron cables, baterı́as, detonador y el método de activación, este grupo no
contiene ningún material en su interior, únicamente aire. Finalmente, el tercer grupo llamado AEI
con material sustituto, es el mismo artefacto del segundo grupo, pero en su interior tiene un mate-
rial sintético que tiene el mismo comportamiento eléctrico que el ANFO (del inglés Ammonium
Nitrate-Fuel Oil).
La separación en estos tres grupos permitió observar la diferencia de magnitud del RCS que existe
entre ellos. En algunas frecuencias la respuesta del RCS se divide claramente en dos grupos,
el primer grupo corresponde a los clutters y el segundo grupo corresponde a los AEI con aire y
material sustituto en su interior y en otras no se diferencia claramente el RCS de cada grupo. Para
comprobar estos resultados se realizó una prueba de validación con un Vector Network Analyser
(VNA) y el mismo radar usado durante la primera prueba con una configuración distinta. Esto
permitió comprobar que sin importar si se usa un VNA o un radar el comportamiento para los tres
grupos es similar al obtenido durante la primera prueba.
Palabras clave: Clutter, Artefactos de explosión improvisada (IED), Sección transversal de radar
(RCS), Ultra ancho de banda (UWB).
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Abstract
This document presents the experimental development using an M-Sequence radar, the response
of the Radar Cross-Section (RCS) for Improvised Explosive Devices (IED) used in Colombia.
The construction and manipulation of these artifacts were carried out under the supervision of the
Army. These artifacts are built mostly with glass bottles, plastic containers, empty containers or
plastic pipelines. Additionally, the IED have cables, batteries, insulating tape, detonator and some
activation method (syringes, clothes hooks or whatever activation type).
The samples were divided into three different groups to determine the characteristics of discrim-
ination. The first group called clutter is made up of empty containers. The second group called
IED with air inside, the empty container of the first group, but with some modifications, cables,
batteries, detonator and activation method were added, this group does not contain any material
inside, only air. Finally, the third group called IED with substitute material is the same artifact of
the second group, but inside it has a synthetic material that has the same electrical behavior as the
ANFO (from the English Ammonium Nitrate-Fuel Oil).
The separation in these three groups allowed observing the difference of magnitude of the SCR
that exists between them. In some frequencies the response of the RCS is divided into two groups,
the first group corresponds to the clutters and the second group corresponds to the IED with air
and substitute material inside it, and in others, the RCS of each group is not differentiated. These
results were validated with a test using a Vector Network Analyzer (VNA) and the same radar of
the first test with a different configuration. The validation allowed us to verify that regardless of
whether a VNA or radar is used, the behavior for the three groups is similar to the first test.
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1. Introduction
In Colombia, the internal armed conflict between the armed groups, mainly the Ejército de Lib-
eración Nacional (National Liberation Army - ELN) and the Fuerzas Armadas Revolucionarias de
Colombia (Revolutionary Armed Forces of Colombia - FARC), began in 1964 [1]. This context
has generated victims of various kinds through direct and indirect combat, caused among others
by Anti-Personnel Mines (APM) or Improvised Explosive Devices (IED). For this reason, between
January 1st, 1985, and September 30th, 2018, 11.621 victims have been registered for these devices,
2006 was the year that registered more victims with 1.229. From these 11.621 victims, 80% were
injured (9.336) and 2.285 have died because of the interaction with IED [2].
IEDs are manufactured in a non-standardized way. There is wide variety of shapes, sizes, activation
mechanisms (detonators) and explosive content. In general there is little or no content of metallic
parts. All these factors prevent the use of traditional detection techniques, as there is no regular
pattern upon which construct libraries for identification purposes.
In Colombia, a nonprofit organization called The HALO Trust1 has been conducting humanitarian
demining operations in Colombia since 2012, using metal detectors. During a visit to its facilities
in the department of Meta guided by Johany Zuluaga, Location Manager, it was observed that every
time the metal detector gives a positive, they assume it is an IED and a procedure is performed that
could take up to 2 hours to unearth, sometimes cans of tuna, AA batteries, remains of aluminum
bags (cigarettes, soda), ammunition caps, soft drinks, lids, garbage, horseshoes, lace, wire remains,
and staples. For this problem humanitarian demining in an area can take several months or even
years.
As a consequence of the difficulties in detecting IED in Colombia using traditional techniques,
the Universidad Nacional de Colombia in alliance with the Universidad de los Andes, the Ruhr-
Universität Bochum, and the Technische Universität Ilmenau, are developing a project to perform
microwave detection of IED in Colombia, using a radar M-Sequence Ultra-WideBand (UWB)
Ground Penetrating Radar (GPR) and pair of dual polarization Vivaldi antennas.
The M-Sequence radar is supplied by the Technische Universität Ilmenau by Professor Ph.D. Jur-
gen Sachs, and the Vivaldi antennas by the Ruhr-Universität Bochum by Professor Ph.D. Christoph
Baer. The IED detection, discrimination and characterization tests are carried out by the Univer-
sidad Nacional de Colombia by Professor Ph.D. José Felix Vega and the software analysis and
improvement tests are carried out by the Universidad de los Andes by Professor Ph.D. Roberto
Bustamante.
1Official website of The HALO Trust for Colombia https://www.halotrust.org/where-we-work/
latin-america/colombia/
2 1 Introduction
This master thesis is linked to that project, developing a statistical model in free space for different
types of containers used in the construction of IED using RCS techniques. Radar Cross-Section
is one of the techniques used to detect objects. This techniques allows determining if an object is
detectable or perceptible when we use a radar [3] [4] [5]. It has been mainly used in: Navy [6] [7],
aeronautics [8], and missiles detection [9] [10]. Studies have also been carried out on detonators
used in IED [11] [12] [13], and using chemical sensors for detection [14].
For this goal, it was necessary to analyze containers in three different stages. The first stage
corresponds only to empty containers, called clutters. The second stage is the same container,
but with some modifications wires, batteries, Electro-Explosive Device, and different triggering
method were added, called IED with air. Finally, using the same IED with air, but changing the air
for a substitute material. This substitute material has the same behavior to the ANFO (Ammonium
Nitrate-Fuel Oil). These stages allow to differentiate in some frequencies that the response to the
RCS of clutter is different from the response of an IED with air or with substitute material and that
there are no differences in the remaining frequencies, i.e. the response to the RCS of these objects
are comparable.
The remainder of this thesis is organized as follows. Chapter 2 explains the theory and principles
of the use of radar, and how they can be used for object detection using the RCS technique. It also
explains the operation and output signals for each port of the M-Sequence UWB radar, as well
as how Vivaldi antennas operate and behave in a UWB range. In addition, an emphasis is placed
on the response to RCS when using small objects, because the test objects are comparable to the
wavelength and the length of the physical antenna used. Finally, the construction process of the
test objects is explained, as well as the necessary considerations to carry out the measurements and
the quantitative process used for the RCS measurements.
Chapter 3 shows the results obtained for the response to the RCS of the samples and how the
statistical process was carried out, taking as a starting point the calculation and analysis of the
basic variables (mean, variance, standard deviation), cross correlation, and analysis of the behavior
of the RCS as if they were normally distributed. In addition, a validation test was carried out to
verify the results obtained. Finally, the conclusions and recommendations are found in Chapter 4.
2. Theory and Measurements
This chapter explains the theory used to develop the analysis of IED used in Colombia. It is
focused on RCS techniques, especially in small objects, because the objects used during the tests
are comparable to wavelength and antennas. Besides, the basic operation of the M-Sequence
UWB Radar, which uses a Pseudo-Noise stimulus is explained. Finally, the antennas behavior and
materials used in their assemble are explained.
2.1. Radar theory
The objects detection is performed using Radar (Radio detection and ranging)). This expression
refers to electronic equipment that detects the distance, direction, appearance, shape, and height
of objects through electromagnetic waves reflection. These waves are not affected by darkness,
distance, or lack of visibility of objects [15].
Contrary to the sound generated by a person, the radar uses electromagnetic pulses. This pulse
is transmitted to the object and reflected on it. Then, a small part of the energy is reflected and
returns to the radar. It is called ECHO, as shown in Figure 2-1.
Figure 2-1.: Simplified interaction of an electromagnetic pulse with an arbitrary object.
According to waveform the radar can be classified into three types: Pulsed Radar, Continuous
Wave (CW) Radar and Continuous Wave Modulated (CW-FM, CW-PM) Radar. The pulsed radar
uses waveforms from a train of impulses. The CW radar emits continuous electromagnetic waves.
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The continuous wave modulated radar emits continuous electromagnetic waves added frequency-
modulated or phase-modulated.
Historically, radar was first used as a military tool. For this reason, letters or bands assign that
classification to radar systems. The military used these letters or bands after World War II. This
nomenclature was adopted by entities such as the IEEE (Institute of Electrical and Electronics En-
gineers) and the NATO (North Atlantic Treaty Organization). Table 2-1 resumes this information.
Table 2-1.: Radar System Bands or Classification by Letter.
Letter Frequency range Frequency range
designation in GHz (Standard IEEE) in GHz (Standard NATO)
HF 0.003− 0.03 A
V HF 0.03− 0.3 A < 0.25; B > 0.25
UHF 0.3− 1.0 B < 0.5; C > 0.5
Band L 1.0− 2.0 D
Band S 2.0− 4.0 E < 3.0; F > 3.0
Band C 4.0− 8.0 G < 6.0; H > 6.0
Band X 8.0− 12.5 I < 10.0; J > 10.0
Band Ku 12.5− 18.0 J
Band K 18.0− 26.5 J < 20.0; K > 20.0
Band Ka 26.5− 40.0 K
V y W u Normally > 34.0 L < 60.0; M > 60.0
millimeter wave
2.2. Radar Cross-Section






where Pt is the transmitter power, Pr is the reflected power, Gt and Gr are the transmitting and
receiving antenna gain respectively, R is the distance between antenna and test object, λ is the
wavelength and σ is RCS.
The RCS of an object is the radar echo intensity that is reflected (scattering) to the source (backscat-
tering) expressed in area terms. This intensity changes depending on the incident angle, radar
frequency, and object size and material [16].
There are two basic configurations to test RCS calls: monostatic and bistatic. The monostatic
configuration has the feature of transmitting and receiving by the same antenna, and the bistatic
configuration transmits and receives by different antennas.
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2.2.1. Small objects Radar Cross-Section
During UWB detection, objects and antennas are in same magnitude order of coherence length1.
The sphere geometry generalizes scattering and it could get information about the behavior of
complex objects. Figure 2-22 shows the frequency dependence for RCS that is normalized with
sphere geometry, and also the frequency is normalized as:








where n is the period numbers that can be placed around the circumference with a radius [17].
Figure 2-2 shows three regions that describe the sphere RCS response:
Figure 2-2.: RCS standardised for a monostatic configuration of a sphere.




≈ 9(ka)4; ka < 1 (2-3)
Equation (2-3) only applies to perfect conductor spheres. If it refers to volume (VSp) of a metallic









1Two sources are coherent if they maintain a constant phase relationship. The coherence length is the propagation
distance along which a coherent wave maintains a specific degree of coherence [17].
2These images were taken from the book Handbook of Ultra-Wideband Short-Range Sensing: Theory, Sensors,
Applications, with permission from the author Jürgen Sachs for use in this document.
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Equation (2-4) is an approximation to RCS of small objects of any geometric shape, with the
condition that all its dimensions are small compared to the wavelength.
MIE or resonance region: In case of a UWB signal, the coherence length is similar to the sphere
radius. The waves have travel throughout the body and then radiate again. These waves can
interfere destructively or constructively, with the direct reflection leading to the oscillation of RCS
as a function of wavelength and sphere (see Figure 2-2 for diameters between 10 and 20 cm) [17].
Optical region: In this region, the sphere radius is electrically longer than the wavelength. When
increasing radius of sphere, the progressive wave loses influence, such that backscatter oscillations
decrease. This scattering curvature tends to zero allowing scattering to be approximated using the
Fresnel equations.
2.2.2. Calibration
Sphere (Figure 2-3(a)), plate (Figure 2-3(b)), circular cylinder (Figure 2-3(c)) and metal corner
reflectors (Figure 2-3(d)) are used as standard calibration objects, also called canonical objects.
These calibration objects are used to determine the RCS of objects with complex shapes.
Figure 2-3.: Elements usually used to perform the calibration of RCS (a) sphere, (b) plate, (c)
cylinder and (d) corner.
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where r is the sphere radius. Contrary to the sphere, the plate, the cylinder, and the corner have













In equation (2-6), w and l are the plate width and length. In (2-7), r and h are the cylinder radius
and height. Additionally, in equation 2-8, l is the vertex length and λ is the wavelength.
2.3. Ground Penetrating Radar
Ground Penetrating Radar (GPR) is an electromagnetic technique non-invasive, designed to de-
tect hidden or buried objects. This technique has been applied in numerous fields, for example,
Geophysics, Civil Engineering, Archaeology, Agronomy, among others [18].
The radar used during this master’s thesis is based on Ultra-WideBand technology that uses a
sensor based on a Pseudo-Noise stimulus. This radar uses a pseudo-random binary stimulus signal.
This radar is of 9th order, i.e. the number of flipflops 29−1 in the register defines a binary sequence
of maximum length (called M-Sequence) with coverage of UWB up to tens of GHz. This signal
is amplified and transmitted to the object, and its response correlates with the input to be saved.
[19, 20].
This radar has four independent channels between them. Each channel also has two input ports
and one output port, as shown in Figure 2-4.
Figure 2-4.: Radar M-Sequence used during the tests, consists of 4 channels, the first 2 rows cor-
respond to the reception channels and the last row to the transmission channels.
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To determined output signal of radar was necessary acquired with an Agilent Infinium 54855A
DSO of 6 GHz to 20 Gsa/s oscilloscope. These results are observed in Figure 2-5. This radar
works from 25 MHz to 6.4 GHz. The signal is divided into 511 samples, separate each by
25 MHz. The acquired signal was converted to the frequency domain. This is shown in Figure 2-
6.
Time [ns]













Figure 2-5.: M-Sequence radar output signal in time domain acquired by an Agilent Infinium
54855A oscilloscope.
2.4. Vivaldi antennas
The antennas used in this radar system were Vivaldi antennas, developed by Microwave laboratory
at RUB, Dr. Cristoph Baer. The antenna features are: dual polarization, lightweight for easy
transport, resistant to shocks, dust and moisture, in addition to having a good gain. These antennas
are fed by microstrip line with a Rogers RO4003 substratum to 1.5 mm of thickness, as shown in
Figure 2-7(a)3. A cylindrical PVC housing was added to antenna to protect it against knocks and
dust [21] (Figure 2-7(b))1.
The behavior of antennas in an anechoic chamber to S-parameters, as shown in Figures 2-8,
3These images were taken from the article A polarimetric, low ringing UWB antenna for ground penetrating radar
operation, with permission from the author Christoph Baer for use in this document.
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Figure 2-6.: Output signal of the M-Sequence radar in the frequency domain.
Figure 2-7.: Pictures of (a) modified dual-polarization Vivaldi antenna and (b) antenna with PVC
housing.
and 2-9. Additionally the radiation pattern for the port 1 and port 2 in co-polarization and cross-
polarization of electric plane to 1 GHz, are shown in Figure 2-10 and Figure 2-11.
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Figure 2-8.: Behavior of the S11 parameter of the Vivaldi antennas in the anechoic chamber.
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Figure 2-9.: Behavior of the S22 parameter of the Vivaldi antennas in the anechoic chamber.
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Figure 2-10.: Radiation pattern of the Vivaldi antennas in co-polarization to 1 GHz for (a) port 1
and (b) port 2.
Figure 2-11.: Radiation pattern of the Vivaldi antennas in cross-polarization to 1 GHz for (a) port
1 and (b) port 2.
12 2 Theory and Measurements
2.5. Positioning System
For realized the RCS measurements in free space were necessary to make some elements and as-
semble them. It was made a turntable (see Appendix B) using a servomotor, H Bridge, polyestyrene
column and wood base.
Figure 2-12 and Figure 2-13 show the used setup for RCS test. From Figure 2-12, the distance
R between antennas and the sample was 40 cm. The distance between antennas and walls was
5 m, and the real setup is shown in Figure 2-14. Since antennas have two ports and radar uses
independent ports for reception and transmission, it was necessary to use two directional couplers
with −2dB in transmission and −16dB in the coupled port, as shown in Figure 2-15. These
couplers work correctly up to 2.5 GHz.
Figure 2-12.: Basic side assembly for RCS tests.
2.5.1. Sample preparation
The samples were fabricated under army guidance. It used all kinds of every day or easily acces-
sible, items such as plastic bottles, glass bottles, coffee or jam jars, PVC tubes, square or AAA
batteries, cable, insulating tape, soda or beer cans, syringes, clothes hooks, among other things.
The detonators used were purchased under army supervision, certifying that they would not be
used in contexts other than in research. These are detonators used for mining exploration and
excavation.
To determine the features of the discrimination method, the objects were divided into three different
groups: the first group includes empty bottles or containers, also called clutter (Figure 2-16). The
second group called IED with air inside, the empty container of the first group, but with some
modifications, cables, batteries, detonator and activation method (False-Positive), and finally, the
2.5 Positioning System 13
Figure 2-13.: Basic assembly for RCS tests.
Figure 2-14.: Real assembly in free space, made in the courtyard of building 411 to obtain the
RCS.
third group called IED with substitute material (True-Positive Figure 2-17) is the same artifact of
the second group, but inside it has a synthetic material that has the same electrical behavior as the
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Figure 2-15.: Diagram of connection for directional couplers used during testing.
ANFO (from the English Ammonium Nitrate-Fuel Oil). The materials used for the construction of
these objects are listed in Table 2-2.
Table 2-2.: Description of test objects.
Samples Material Description
Sample 3 Plastic Used to store cream or moisturizers for women.
Sample 4 Glass Used to store jam or peanut butter.
Sample 6 Glass Used to store ground coffee.
Sample 9 Plastic Used to store soda or water.
Sample 12 PVC Used in pipelines.
Figure 2-16.: Clutters used during testing.
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Figure 2-17.: IED with substitute material used during testing.
2.5.2. Experimental Setup
In the flow diagram of Figure 2-18, the first step was to prepare the test objects (clutter, false
positive and true positive, as in chapter 2.5.1). Then, the set of Vivaldi antennas was positioned
properly leveling them with respect to the horizontal and vertical plane, at the height of 1.6 m
at the center of the antenna, and the distance between antennas and the sample was 40 cm. As
this is a dual polarization system (horizontal and vertical), it is defined as the polarization that
will be measured. The M-Sequence radar was activated to record the transmission and reception
data. Since the turntable control system is independent of the radar, it is necessary to define the
number of seconds that the turntable will be running. Approximately, the rotary table took about
120 seconds to turn, about 2.25 turns were recorded, and these acquired data were saved for further
processing.
From these data, it will be checked if the influence of the RCS depends on the content of a test
object, that is, if the response to the RCS changes when adding a material inside the container. In
order to achieve this objective, the angle of incidence of the electromagnetic wave on the object
will be taken as an independent random variable, and the value of the RCS will be taken as an
independent variable. This procedure will be carried out for each operating frequency of the radar,
using different statistical methods.






















Figure 2-18.: Test flow diagram.
3. Results
This chapter explains the radar calibration, using the canonical objects and the error when it is used
the corner respect to the plate and vice versa. Also, it describes how to estimate the RCS response
of all test objects. Finally, it was decided to make an analysis using the normal distribution and
thus determine if the acquired data had this behavior. Additionally, a validation test was carried
out with other test objects to prove that they have the same behavior.
3.1. Calibration
The objects to be irradiated using the M-Sequence are complex objects. It is necessary to perform
a calibration using the canonical objects (plate and corner). These objects are used to normalize
the RCS response of more complex objects, such as IED.
Plate
The plate used for calibration is shown in Figure 3-1 (a), where l and w correspond to the length
and width of the plate respectively, that is 15 cm for both.
Corner
The corner used to perform the calibration is shown in Figure 3-1 (b), where l corresponds to the
length of the vertex of any corner, which is 15 cm.
Calibration results
To verify that a proper calibration has been performed, the result obtained from one canonical












Assuming that the antenna gains are equal, it is obtained
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Figure 3-1.: Real model of calibration objects (a) plate and (b) corner.
Gt = Gr (3-3)

















In 3-6, the gain value of the antennas is obtained for the measurement of the plate. Using again (2-1),



























Using the same procedure of (3-7) to (3-10), the monostatic corner measurement is used to deter-







In (3-10) and 3-11, the RCS ratio for each canonical element is the ratio between the RCS of the
object to be known and of the calibration object, multiplied by the analytical RCS of the calibration
object.
The RCS results for the plate with the corner calibration and the RCS for the corner with the plate
calibration can be observed in Figures 3-2 and 3-3, respectively. Additionally, as in equations (3-
10) and (3-11), there is an error that is a factor of 3.
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Figure 3-2.: RCS plate using the corner as a calibration object from 1 to 4 GHz.
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Figure 3-3.: RCS corner using the corner as a calibration object from 1 to 4 GHz.
3.2. RCS obtaining for test objects
As has been mentioned before, the central axis of this work is to obtain the response to the RCS
of complete objects. For this purpose, it is necessary to determine the response to the RCS of
canonical objects, and then with this reference, to determine the response of more complex objects,
i.e. clutter, IED with air and IED with substitute material inside.
3.2.1. Radar Cross-Section
Chapter 3.1 determined that the RCS behavior of an object is described as the relationship between
the measurement of the object to be measured and the measurement of the calibration object mul-
tiplied by the analytical RCS of the calibration object (see equations (3-10) and (3-11)). With this
result, the RCS response of all test objects was determined, the object 03 was chosen randomly.
Figure 3-4 shows the result obtained from the RCS for test object during the three transitions:
clutter, IED with air and IED with substitute material.
In Figure 3-4, it can be observed that the result to RCS depends on the frequency, which allows us
to observe some frequencies of interest to carry out a particular analysis.
3.3. Normal-plot test
For determining that data has a behavior of normal distribution, a standard test is made using
normplot function. This test plot sketches RCS data points and a straight line that connect the first
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Figure 3-4.: RCS response for test object 03 during transitions.
and third quartile from extreme data. If the data have a normal distribution will be over or close
to the straight line. For verifying this function, two random vectors were created with 1000 points
with values distributed between −3 and 3. The first vector has uniform distribution and the second
one has normal distribution. The result is shown in Figure 3-5.
Value random vector


























Figure 3-5.: Normplot validation for uniformly distributed random data and normally distributed
random data.
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The blue data are close to the line, but have a curve behavior in the queues, thus that data does
not have a normal distribution behavior. On the other hand, red data are near to the line and,
additionally, the extreme data are very close to the line, thus that data have a normal distribution
behavior.
Same procedure was applied to RCS data (Chapter 2.5.2) for all objects under test at each frequency
of operation. Figure 3-6 shows the normplot results for clutters to 1.03 GHz, Figure 3-7 for IED
with air, and Figure 3-8 for IED with substitute material.In these figures, the Y-axis represents the
probability and the X-axis is the RCS value for a turn of a test object. Each figure has 1250 points.
Additionally these figures show that the results of the behavior for normplot test are not scattering
among them, that is despite the size or container material, the RCS behavior is not so variable.
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Figure 3-6.: Normplot behavior at 1.03GHz for all test clutters.
To identify differences or similarity between RCS measurements, they were grouped into a unique
plot, as shown in Figure 3-9.
In this figure, a clear division is observed between two groups: the first one only in clutter and
the second one are IED with air and substitute material, though the RCS data have not a normal
distribution behavior. Besides, in this analysis some frequencies were found where the behavior
had not a clear division. Figure 3-10 is an example of this. Furthermore, if the frequency increases,
the division between these two groups also increases. Figure 3-11 is an example of this.
3.4. Validation
The same material in Chapter 2.5.1 was used during validation process, as well as the same con-
figuration using during Chapter 2.5.2. Only measurement channels were changed to 2 and 4, as
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Figure 3-7.: Normplot behavior at 1.03GHz for all test IED with air.
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Figure 3-8.: Normplot behavior at 1.03GHz for all test IED with substitute material.
well as the directional couplers. That works from DC to 6 GHz with −2dB in transmission and
−10dB in the coupled port. Table 3-1 registers the materials used during the validation process.
Additionally, two groups are shown in Figures 3-12 and Figure 3-13: the first group includes empty
bottles or containers also called clutter, the second group are IED with Air (False-positive), and
finally an IED with substitute material (True-Positive).
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Figure 3-9.: Normplot behavior at 1.03 GHz for all test objects.
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Figure 3-10.: Normplot behavior at 1.55 GHz for all test objects.
3.4.1. Normalization validation
The results using the same procedure of Chapter 3.3 and the same work frequencies (1.03 GHz,
1.55 GHz and 2.28 GHz) are shown in Figures 3-14, 3-15 and 3-16. Those results are similar
those of Figures 3-6, 3-7, and 3-8. The only difference between test and validation measurements
is the response change in magnitude order because the directional couplers are different.
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Figure 3-11.: Normplot behavior at 2.28 GHz for all test objects.
Table 3-1.: Description of validation objects.
Samples Material Description
Sample 16 Plastic Used to store natural juice, soda or water.
Sample 22 Plastic Used to store soda or water.
Sample 23 Glass Used to store ground coffee.
Sample 24 Glass Used to store sauce, jam or peanut butter.
Sample 25 PVC Used in pipelines.
Figure 3-12.: Clutters used during validation testing.
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Figure 3-13.: IED with substitute material used during validation testing.
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Figure 3-14.: Normplot behavior at 1.03 GHz for all validation objects.
3.4.2. Vector Network Analyzer validation
Another method used for validation was Vector Network Analyzer (VNA) Agilent E5062A from
300 KHz to 3 GHz. This instrument can measure the reflection and transmission parameters
used usually in the two-port network to get the S-parameters of different elements such as filters,
amplifiers, transmission lines, antennas, among others.
This measurement was made simultaneously with the measures of Chapter 3.4.1. It guaranteed
that test objects are not modified and the measurement environment was similar. Using the same
procedure of Chapter 3.3, the results were depicted in Figures 3-17, 3-18, and 3-19. Those figures
show that the results have a similar behavior to the one obtained in Chapters 3.3 and 3.4.1. Al-
though another instrument was used to measure the response to the RCS of IED, the behavior is
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Figure 3-15.: Normplot behavior at 1.55 GHz for all validation objects.
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Figure 3-16.: Normplot behavior at 2.28 GHz for all validation objects.
very similar. These results have two clear groups as in Chapter 3.3: on the one hand, clutter and
the other hand the IED with air and substitute material.
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Figure 3-17.: Normplot behavior at 1.03 GHz for all validation objects using VNA.
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Figure 3-18.: Normplot behavior at 1.55 GHz for all validation objects using VNA.
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Figure 3-19.: Normplot behavior at 2.28 GHz for all validation objects using VNA.
4. Conclusions and recommendations
4.1. Conclusions
With data from all objects (clutter, IED with air and substitute material), it was not possible to gen-
eralize the response according to frequency using mean, variance and standard deviation. Thus it
was determined that there is no clear difference between the results obtained for the RCS (Figures
D-1 and D-2), i.e. the results for the three tests are similar to each other. Additionally, the response
to the RCS for angles 0o, 90o, 180o and 270o, was used in a box diagram. The results were also
very similar to the previous ones. This means that no matter how much data are used, the result
will be the same.
Since cross-correlation method is used to find characteristics between two signals, its use dur-
ing this work is not convenient because the M-Sequence UWB radar uses the correlation method
in the time domain between the output and the input signal. This operation is delivered by the radar.
The analysis of normal distribution made it possible to differentiate clutter from IED depending on
the angle, either with air or substitute material inside. Frequencies were found that do not allow
differences between them, i.e. their response to the RCS in magnitude is similar. Since the results
obtained do not have a normal behavior, this analysis made it easier to observe the differences
between the objects used during the tests.
During the validation process, different objects and directional couplers were used. The results
obtained for this validation had a similar behavior to the initial test, but with different magnitudes.
Besides, a VNA was used, obtaining results similar to the two previous measurements.
4.2. Recommendations
Measurements should be performed with more objects and the should be more control over devices
in aspects such as length of cables, amount of material used for each object. This should be taken
to simulation and the results should be compared with those obtained in field measurements.
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In recent years, Colombian government has worked hard 
on a demining process across the country. As a result, it 
has opened new opportunities for researching and 
developing new techniques for detection, neutralization 
and destruction of Improvised Explosive Devices (IEDs). 
The Colombian IEDs have a high variability in terms of 
materials, shapes and methods of activation. We show in 
this paper a measurement technique aimed to extract the 
UWB polarimetry backscattering of IEDs, based on M-
sequence technology. This procedure is aimed to construct 
a database of characteristic features associated with 
different IED typologies, for future detection algorithms. 
 
Keywords: Backscattering, Improvised explosive devices, 
M-sequence technology, Polarimetry, UWB Radar. 
1 Introduction 
The Improvised Explosive Devices (IEDs) have a particular 
and non-standardized way of construction. Basically, it is a 
bomb, fabricated in an artisanal manner, which include 
chemicals, non-military components and compounds that are 
commercially available. They have variable shape, size, 
triggering mechanism and explosive content with little to no 
metal parts. This strong dependence on building features 
reduces the usefulness of traditional methods of detection, for 
instance, metal detectors or by recognition of regular and 
standard patterns. 
 
Classical mine detection techniques, by radar, try to extract 
the electromagnetic signature of a mine from the gathered 
data. If these signatures (reflectivity, time-frequency 
parameters, etc.) are verified on the field, the mine can be 
considered as detected. With this in mind, backscattering 
measurements are of interest for the aim of collecting target 
information to meet specific Colombian non-standardized 
IEDs constraints. 
 
In a previous paper, a group of 22 IEDs were experimentally 
characterized [1]. The challenge here is to collect more 
information about the target to improve IED identification by 
a classification approach. It is expected that the results of this 
work will be applied on near field radar processing of buried 
objects based on polarimetry MiMo-radar. 
 
We carried out a measurement procedure in order to find the 
backscattering behaviour of IEDs under test, by means of M-
sequence based technology. This experiment will allow the 
extraction of Radar Cross-Section (RCS) information, and a 
further statistical analysis, that leads to the identification of 
common features of these devices. The test was performed in 
an anechoic chamber and also in an indoor, non-anechoic 
chamber environment. 
 
The test setup, shown in Fig. 1, allows the parallel 
measurement of the polarimetry RCS for backscattering at 
two-bistatic-angles. Measurements are performed with 
computer-controlled M-sequence radar platform. Three dual-
polarized Vivaldi antennas, working at lower GHz range, are 
mounted on tripod. One of the antennas is used as 
polarimetric transmitter and the two others as polarimetric 
receivers. The turntable for the target is a Styrofoam support 
which is essentially transparent at microwave frequencies. 
 
 
Figure 1. Array of UWB polarimetric antennas and 
target. 
2 
The paper reports the scattering measurements and the 
statistical analysis of the measurement, looking for common 
features that can be used by future work on detection 
algorithms. 
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A long time in Colombia the illegals groups in Colombia 
used Improvised Explosives Devices (IEDs), this devices 
are manufactured using artisanal, non-standardized methods 
of construction, and additionally the IEDs have low metal 
content and are variable in shape and size. With these 
characteristics, some methods have limit effectiveness. 
 
In [1] 22 IEDs was experimentally measured and 
characterized in frequency domain. In [2] the authors of this 
paper presented one method for measuring the characteristic 
response of IEDs in time domain. 
 
In this paper we will analyze the same set of devices in order 
to get more information leading to the generation of a 
classification algorithm. 
 
II. EXPERIMENTAL SETUP 
 
The RCS was measured using a computer-controlled M-
sequence, polarimetric, MiMo radar platform. One dual-
polarized Vivaldi antennas, working at lower GHz range, 
were mounted on tripods. One of the antennas was used as 
polarimetric transmitter and used as receiver. The IED under 
test were mounted on a turntable support in front of the 
antennas. 
 
The calibration of the system was performed measuring the 
RCS of a metal corner reflector, a plate and a cylinder. 
These objects have a known Radar Cross Section (RCS). 
 
5 IEDs were tested in this experiment. The devices were 
placed on top of a styrofoam turntable in vertical and 
horizontal positions. The test was performed outdoor. 
 
Each specific model of IED was illuminated with two 
polarizations, at two orientations. Cross and co polarized 
backscattering was measured at the receiving antennas. This 
means that for each IED 4 datasets were measured. 
The RCS measurements were processed and a set of 
common features, leading to identification was extracted.  
 
Fig. 1 shows the behavior of the cross correlation for theta 
and in Fig. 2 shows the behavior of the cross correlation for 
frequency of the IED # 1 and IED #2. Now we will getting 
behavior for all IED used and thus we will get the typical 
features for these specific models of IEDs. 
 
Figure 1. Behavior Cross correlation of RCS for IED # 1 
with IED # 2. 
 
Figure 2. IED 1 and IED 2 used for this test. 
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B. Appendix: Turntable
The turntable system used an Arduino Uno controller. That controlled a servomotor TSUKASA
model TG-57A-BG-360-C497 with 25 Kg · cm torque. Additionally, the turntable system has
an H bridge L298N ; as shown in Figure B-1. On the turntable, a 25 cm-diameter polystyrene
expanded column was placed (Figure B-2). The column is invisible to operational frequencies.
Figure B-1.: Items used for turntable control (a) Arduino UNO, Bridge H L298N and (b) servo-
motor Tsukasa TG-57A-BG-360-C497.
Figure B-2.: Expanded polystyrene column on turntable base.
The code shown in B.1 is the Arduino code used to control the turntable using a time variable in
seconds. According to the time stored, the turntable works.
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Listing B.1: Control motor script.
i n t PinIN1 = 7 ;
2 i n t PinIN2 = 6 ;
vo id s e t u p ( ) {
4 / / i n i t i a l i z e s e r i a l communica t ion a t 9600 b i t s p e r second :
S e r i a l . b e g i n ( 9 6 0 0 ) ;
6 / / Ou tpu t p i n e s
pinMode ( PinIN1 , OUTPUT) ;
8 pinMode ( PinIN2 , OUTPUT) ;
S e r i a l . p r i n t l n ( ” P r e s s ’ s ’ t o s t a r t ” ) ;
10 }
vo id loop ( ) {
12 c h a r b = ’p ’ ;
i f ( S e r i a l . a v a i l a b l e ( ) ) {
14 c h a r a = S e r i a l . r e a d ( ) ;
i n t f l g = 0 ;
16 i n t f l g 2 = 0 ;
/ / s t a r t
18 i f ( a == ’S ’ | | a == ’ s ’ ) {
i f ( f l g == 0) {
20 S e r i a l . p r i n t l n ( ” For Hour ly R o t a t i o n p r e s s 0 , For n o t
Hour ly R o t a t i o n p r e s s 1 ” ) ;
f l g = 1 ;
22 }
w h i l e ( a == ’S ’ | | a == ’ s ’ ) {
24 c h a r se = S e r i a l . r e a d ( ) ;
i f ( s e == ’ 0 ’ ) {
26 i f ( f l g 2 == 0) {
S e r i a l . p r i n t l n ( ” E n t e r r o t a t i o n t ime i n s e c o n d s ” ) ;
28 f l g 2 = 1 ;
}
30 w h i l e ( a != ’q ’ && a != ’Q’ ) {
f l o a t t ime = S e r i a l . p a r s e F l o a t ( ) ;
32 i f ( t ime > 0) {
MotorHora r io ( ) ;
34 S e r i a l . p r i n t l n ( ” Turn ing t h e motor c l o c k w i s e ” ) ;
d e l a y ( t ime ∗ 1000) ;
36 a = ’q ’ ;





i f ( s e == ’ 1 ’ ) {
42 i f ( f l g 2 == 0) {
S e r i a l . p r i n t l n ( ” E n t e r r o t a t i o n t ime i n s e c o n d s ” ) ;
44 f l g 2 = 1 ;
}
46 w h i l e ( a != ’q ’ && a != ’Q’ ) {
f l o a t t i empo = S e r i a l . p a r s e F l o a t ( ) ;
48 i f ( t ime > 0) {
M o t o r A n t i h o r a r i o ( ) ;
50 S e r i a l . p r i n t l n ( ” Turn ing t h e motor n o t c l o c k w i s e ” )
;
d e l a y ( t ime ∗ 1000) ;
52 a = ’q ’ ;





58 MotorStop ( ) ;
S e r i a l . p r i n t l n ( ” Motor s t o p p e d ” ) ;
60 d e l a y ( 1 0 0 0 ) ;
S e r i a l . p r i n t l n ( ” P r e s s ’ s ’ t o s t a r t ” ) ;
62 a = ’ s ’ ;
f l g = 0 ;





vo id Moto rHora r io ( ) {
70 d i g i t a l W r i t e ( PinIN1 , HIGH) ;
d i g i t a l W r i t e ( PinIN2 , LOW) ;
72 }
vo id M o t o r A n t i h o r a r i o ( ) {
74 d i g i t a l W r i t e ( PinIN1 , LOW) ;
d i g i t a l W r i t e ( PinIN2 , HIGH) ;
76 }
vo id MotorStop ( ) {
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78 d i g i t a l W r i t e ( PinIN1 , LOW) ;
d i g i t a l W r i t e ( PinIN2 , LOW) ;
80 }
C. Appendix: Signal processing
C.1. Data acquisition
C.1.1. Radar response
The results delivered by the radar are in an M ×N × P matrix, where M corresponds to the time
window of reception of 511 positions, N corresponds to the samples of the time of observation of
the test, which has a variable dimension, and P determines the port of reception from 8 positions.
For this test, channels 1 in vertical transmission and 2 in horizontal transmission were enabled.
Additionally, reception ports 1 in vertical and 3 in horizontal were used. Figure C-1 corresponds
to the signal delivered by the M-Sequence radar for objects 3 and 4.
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Figure C-1.: Response given by the radar for objects 3 and 4 in vertical polarization.
Figure C-1shows that the response of both objects is very similar. In order to notice the difference
between these signals, it is necessary to zoom in, as shown in Figure C-2. Box 1 corresponds
to the dynamics of the M-Sequence Radar and the directional couplers; box 2 corresponds to the
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dynamics of the cables used during the test; box 3 is the dynamics of the antennas; and finally, box
4 corresponds to the interaction of the transmitted signal with the objects.
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Figure C-2.: Response given by the radar for objects 3 and 4 in vertical polarization with a zoom
from 20 to 24 ns.
C.1.2. Convert to frequency domain
The M-Sequence radar operates in the time domain. Therefore, the stored data are in that domain
and the technique that is used in the frequency domain. It is necessary to make the Fourier trans-
form to the response of the M-Sequence. The Fourier transform of a signal can be considered in
the decomposition into frequency components, that is, to its spectrum.
The discrete Fourier transform is used for this conversion because the signal received by the M-









x (n) e−jωn (C-1)
This transformation is already developed in MATLAB with the Fast Fourier Transform (FFT)
command. This algorithm is already optimized. If you do not have MATLAB software, you can
download the latest versionb of the FTT from the developer’s website1.
1Official website of FFT developer: http://www.fftw.org/
C.1 Data acquisition 41
C.1.3. Smooth
The signal obtained by the M-Sequence has an enveloping noise in the receiving signal. To elimi-
nate this problem, it was necessary to implement a smoothing, in this case based on local regression
using weighted least squares and a second-degree polynomial model, as shown in Figure C-3.
Observation time (samples)




















Figure C-3.: Example of a smoothed signal using the local regression method with weighted least
squares.
This smoothing allows to eliminate the error generated by the radar during the measurement and
thus, to obtain a better response.
C.1.4. Lap extraction and interpolation
As mentioned in Chapter 2.5.2, more than two turns of information were stored for each object
during the test. It is necessary to extract one turn from an object in order to have no overlapping
information. This was done locating the frequency that has the most significant variation between
maximum and minimum values for each measurement, then determining the frequency with the
highest repetition and synchronizing each measurement with that frequency.
Finally, the relative maximums of each measurement are placed as shown in Figure C-4. Those
that agree to form a turn are chosen, and the turn is extracted as shown in Figure C-5.
Since the M-Sequence radar control system is independent of the rotary table control system, the
data obtained for each turn of each object are different. An interpolation was implemented, so that
the measurement of each object has the same length, as shown in Figure C-6.
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Figure C-4.: Representation of the maximums obtained for F = 1.53 GHz
Observation time (samples)






















Figure C-5.: Extraction of one turn with the maximums obtained for F = 1.53 GHz.
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Figure C-6.: One-turn interpolation for F = 1.53 GHz.
D. Statistical Methods used
D.1. Statistical Analysis - Average, Variance and
Standard Deviation
Initially, it was decided to carry out a study of basic statistical variables such as average, median,
variance, and standard deviation. The median represents the central value of the data; the variance
is a way of measuring the variability of the data and its units are always squared; and the standard
deviation is the square root of the variance.
This analysis was performed using all the data obtained for the 360o, allowing an analysis based
on frequency. Figures D-1 and D-2 show the results of the mean, standard deviation, median, and
variance. The results are very similar among them, i.e. the mean is similar to the median; which
result does not allow a right interpretation.
Figure D-1.: Results for analysis of (a) average and (b) standard deviation.
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Figure D-2.: Results for analysis of (a) median and (b) variance.
D.2. Analysis for 0o, 90o, 180o and 270o
Since the results obtained previously (see Chapter D.1) did not allow a clear interpretation of
the results, it was decided to perform another procedure: a box diagram. This diagram shows
the median, the data between the first and third quartiles, and the farthest data from the previous
quartiles. As the RCS response is periodic as a function of the angle, it was used for 0o 90o 180o
and 270o.
Although the box diagram allows us to observe a more significant number of variables, there is
not much difference between these results for the three transitions of the objects, as shown in
Figure D-3. This procedure was also performed for the remaining angles, and we arrived at the
same interpretation as above.
D.3. Cross-correlation
Cross-correlation is a method used in signal processing to find characteristics between two signals,
as a function of the displacement between a known and an unknown signal, also called slipping
inner product. This method was applied to the RCS to see if there are frequencies in which the
RCS has similar behaviors, either between objects of the same class or of different classes.






The cross-correlation uses an analysis similar to the convolution operation, and its difference is
that the signal is not reversed and the sum of its products is made point to point. During this test,
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Figure D-3.: Results from box diagram at 0o for (a) clutter, (b) IED with air and (c) IED with
material.
it was decided to carry out an analysis based on frequency and another one based on the angle, in
order to find characteristics or points of interest.
Figures D-4 and D-5 show that the behavior is similar. In addition, all possible combinations have
the same behavior. The most important analysis is the maximum value for each result, as shown in
Figures D-6 and D-7.
Figures D-6 and D-7 show no significant difference between results of cross-correlation. In this
case, it is not possible to obtain clear conclusions about this method.
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Figure D-4.: Result of the cross-correlation between clutter 3 and IED 9 with substitute material
depending on the frequency.
Figure D-5.: Result of the cross-correlation between clutter 3 and IED 9 with substitute material
depending on the angle.
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Frequency [GHz]

















Figure D-6.: Result of the cross-correlation between clutter 3 and all the IED with substitute ma-
terial depending on the frequency.
Frequency [GHz]











Figure D-7.: Result of the cross-correlation between clutter 3 and all the IED with substitute ma-
terial depending on the angle.
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